Surface plasmon polaritons (SPPs) are collective excitations of free electrons propagating along a metal-dielectric interface. Although some basic quantum properties of SPPs, such as the preservation of entanglement, the wave-particle duality of a single plasmon, the quantum interference of two plasmons, and the verification of entanglement generation, have been shown, more advanced quantum information protocols have yet to be demonstrated with SPPs. Here, we experimentally realize quantum state teleportation between single photons and SPPs. To achieve this, we use polarization-entangled photon pairs, coherent photon-plasmon-photon conversion on a metallic subwavelength hole array, complete Bell-state measurements and an active feed-forward technique. The results of both quantum state and quantum process tomography confirm the quantum nature of the SPP mediated teleportation. An average state fidelity of 0.889±0.004 and a process fidelity of 0.820±0.005, which are well above the classical limit, are achieved. Our work shows that SPPs may be useful for realizing complex quantum protocols in a photonic-plasmonic hybrid quantum network.
Introduction
The hybrid light-matter nature of surface plasmon polaritons (SPPs) allows light to be confined below the diffraction limit, opening up the possibility of subwavelength photonic device integration 1 . The quantum properties of SPPs originate from quantized surface plasma waves, and several quantum models have been proposed to describe the electromagnetic field of a plasmon 2, 3 . The quantization of SPPs has motivated many researchers to explore the fundamental quantum phenomena associated with them, for example, plasmon-assisted transmission of entangled photons 4,5 , single-plasmon state generation and detection 6, 7 , quantum statistics and interference in plasmonic systems [8] [9] [10] [11] [12] [13] , quantum logic operations 14 , anti-coalescence of SPPs in the presence of losses 15 and quantum plasmonic N00N state for quantum sensing 16 . For reviews, see Ref. [17, 18] . Recently, some quantum properties of new plasmonic metamaterials have also been explored, such as coherent perfect absorption in plasmonic metamaterials with entangled photons 19 , testing hyper-complex quantum theories with negative refractive index metamaterials 20 and the active control of plasmonic metamaterials operating in the quantum regime 21 .
These works motivate us to study and utilize the quantum properties of SPPs in more advanced quantum information protocols. Quantum teleportation uses entanglement as a resource to faithfully transfer unknown quantum states between distant nodes. Ever since it was first introduced by C. H. Bennett et al. 22 and experimentally realized using photonic qubits 23, 24 , quantum teleportation has become the essential protocol for establishing worldwide quantum networks 25, 26 . The teleportation distance has increased significantly over the last two decades [27] [28] [29] [30] [31] and has recently been successfully extended to more than a thousand kilometres from the ground to a satellite 32 .
To build a quantum network with more functionalities, various physical systems are required with individual advantages in terms of transferring and processing the quantum state.
Results
The conceptual scheme of SPP mediated quantum teleportation.
Here, we experimentally realize the quantum state teleportation of a single photon to a single SPP, which is a single qubit consisting of collective electronic excitations typically involving ∼10 6 electrons 17 . Our scheme is based on three qubits, which is first proposed by S. Popescu 33 and realized in experiment by D. Boshi et al. 24 . The conceptual framework of our experiment with the three-qubit scheme is shown in Fig. 1a . The entanglement between qubits 1 (Q1) and 2 (Q2), serving as the quantum channel, is generated from the entangled photon-pair source and distributed to Alice and Bob. An input state of qubit 0 (Q0) is sent to Alice. Alice performs a Bell-state measurement (BSM) 24 , projecting Q0 and Q1 randomly into one of the four Bell states, each with a probability of 25%. Then, the outcomes of the BSM are sent to Bob through a classical communication (CC) channel. Q2 is sent to a subwavelength hole array sample patterned on a gold film at Bob's site to facilitate the photon-SPP-photon conversion 34 . There, the quantum state of Q2 is transferred to qubit 3 (Q3), carried by a single SPP. This SPP propagates along the surface of the sample and subsequently couples to an optical photon (Q4), which radiates towards detectors in the far field. According to the outcomes of the BSM, the corresponding unitary transformations (UTs) are applied to Q4.
Finally, we perform quantum state tomography (QST) 35, 36 on Q4 and verify whether the quantum state teleportation from a single photon to a single SPP is successful by evaluating the quantum state fidelities of Q4 to Q0 and the quantum process fidelity of the whole procedure.
Subwavelength hole array and its characterization. Figure 1b shows a scanning electron microscopy (SEM) image of the subwavelength hole array used in our experiment. The gold film is perforated over a square area of 189×189 µm 2 with periodic hole arrays by using a focused ion beam. The hole diameter and the period are 200 nm and 700 nm, respectively. Although the hole array reduces the direct photon transmission, it allows resonant excitation of the SPP 34 . The transmission spectrum of our sample is shown in Fig. 1c and has a peak centred at approximately 809 nm with a full width at half maximum (FWHM) of ∼70 nm. The peak transmittance of the sample at 809 nm is approximately 0.8%. The transmission curves for different light polarizations are similar, indicating that our sample is nearly polarization-independent. A numerical calculation based on the geometry of the array and the wavevector matching shows that this peak is associated with the (±1,±1) SPP modes at the glass-metal interface 37 . These modes can excite the SPPs propagating along the four diagonal directions. We experimentally measure the SPP propagation with a laser and a charge-coupled device (CCD), as shown in Fig. 1d Realizing quantum teleportation between photon and SPP. Figure 1e presents a layout of our experimental setup. The entangled photon pairs are generated from spontaneous parametric down conversion, which is realized by embedding a periodically poled KTiOPO 4 (PPKTP) crystal in a Sagnac interferometer 38, 39 . The quantum state of photons A and B is similar to the singlet state:
which has a fidelity of approximately 98%. |H A (|V A ) denotes the horizontal (vertical) polarization state of photon A. The same notation is used for photon B. We obtain coincidence counts at a rate of approximately 100 kHz with a pump power of 20 mW.
We employ the two-photon three-qubit scheme to realize the SPP mediated quantum teleportation 24, 29 . The two-photon three-qubit scheme has the advantages that it avoids the very low detection rates caused by the simultaneous detection of three photons and allows a 100% Bell state measurement 24, 29, 33 . We note that two-photon scheme of teleportation has limitation as one can't use this scheme to teleport the quantum state of an independent photon which comes from outside. In our experiment, photons A and B are sent to Alice and Bob through single-mode fibre (SMF), respectively. We use photon A's polarization as Q0 and its path state as Q1. Photon B's polarization acts as Q2. First, we swap the entanglement between Q0 and Q2 (see Eq. (1)) to Q1 and Q2. We achieve this by sending photon A through a beam displacer (BD1 in Fig. 1e ), which makes the horizontal polarized component undergo a lateral displacement into the left path mode (denoted as |l ) and transmits the vertically polarized component directly (denoted as |r ). The two-photon (A and B) three-qubit (Q0, Q1 and Q2) state can be written as
Note that the superscripts are labelled for the qubit and the subscripts are labelled for the photon.
Then, a 45 • -oriented HWP (HWP@45 • in Fig. 1e ) rotates the horizontal component (|H A ) to the vertical polarization (|V A ) in the left path, |l . Along the right path, |r , a 90 • -oriented HWP (HWP@90 • in Fig. 1e ) is used for phase compensation. After these two HWPs, the polarization state of photon A (qubit 0) is in |V and is factorized out. The full state is as follows:
Consequently, the initial entanglement between the polarization states of photons A and B is swapped into the path state of photon A (qubit 1) and the polarization state of photon B (qubit 2) 40, 41 .
The combination of HWP2 and QWP2 are then used to create the polarization state to be complex numbers satisfying |α| 2 + |β| 2 = 1. This process can be expressed as follows:
Here the polarization (Q0) and path states (Q1) of photon A are used to construct the four Bell states: |Ψ ± 01 A = 1 √ 2 (|V 0 |l 1 ± |H 0 |r 1 ) and |Φ ± 01 A = 1 √ 2 (|H 0 |l 1 ± |V 0 |r 1 ). Alice realizes a complete BSM using the polarization (Q0) and path (Q1) DOF of photon A with BD2 and BD3 (see Supplementary Materials V for details). The outcomes of the BSM are sent from Alice to Bob via coaxial cables.
Photon B (Q2) is delayed by a 222-m-long (corresponding to a temporal delay of ∼1110 ns) SMF and then sent to Bob. At Bob's site, Q2 is focused on the subwavelength hole arrays and converted to a single surface plasmon (Q3). As a result, we coherently transmit the quantum state of Q2 to Q3, which is carried by the single-mode collective electronic excitations of the SPP. Then, the SPP propagates along the surface of the sample and subsequently couples out to an optical photon (Q4), radiating into the far field. After the BSM is performed by Alice, the quantum state of Q4 is projected into a pure state and equals the input state |φ 0 A up to a local UT according to the BSM result (see Eq. (4)). The local UTs are realized with two EOMs, which perform the required σ x and σ z operations. Collectively, the EOMs perform the iσ y operation. After these local UTs, the output state of Q4 is:
Finally, we collect the photons into an SMF and perform QST on Q4.
The results of quantum state and process tomography.
We prepare six input states of qubit 0: |H , |V , |D , |A , |R , and |L (see Fig. 2a ). Note that |D = (|H + |V )/ To characterize the quantum teleportation mediated by the SPP, we perform single-qubit QST measurements on the teleported quantum states. In Fig. 2b -m, we show the real and imaginary parts of the reconstructed density matrices for different input states. With the reconstructed density matrices, we calculate the state fidelity F = ideal φ|ρ |φ ideal , where ρ is the reconstructed density matrix and |φ ideal is the ideal quantum state. The results of the quantum state fidelity after quantum teleportation are shown in Fig. 3 . For a comparison, we present the state fidelities both without and with photon-SPP-photon conversion. We can see from Fig. 3 that all the fidelities are well above the limit of 2/3 that can be achieved using a classical strategy without employing entanglement 42 . By averaging the single photon fidelities over all input states, we obtain an average fidelity of 92.67±0.32% (without SPP) and 88.91±0.38% (with SPP) for the retrieved initial states, including active feed-forward operations, which exceed the classical limit of 2/3 by more than 81-σ and 58-σ standard deviations 42 . We note that the difference in the state fidelities between the cases without the SPP and with the SPP is mainly caused by: The excited SPP distorts the beam pattern and then leads to a lower contrast of the phase flip of the two EOMs. Quantitative analysis of the reduction in the achievable fidelity can be found in the Supplementary Materials (Section VII).
Since quantum teleportation is a quantum process, it is natural to quantitatively describe the whole process with quantum process tomography 43 . The reconstructed density matrices of the teleported quantum states allow us to fully characterize the teleportation procedure by quantum process tomography. We choose four input states (ρ in = |H H| , |V V | , |D D| , |L L|) and
Input State Fidelity Teleportation without SPP Classical limit 0.67
Input State Fidelity Teleportation with SPP Classical limit 0.67 their corresponding output states ρ out to benchmark the process of quantum teleportation. The effect of teleportation on ρ in is determined by the process matrix χ, which is defined by ρ out = 3 l,k=0 χ lk σ l ρ in σ k , where σ i are the Pauli matrices with σ 0 being the identity operator. A perfect process matrix of quantum teleportation has only one nonzero component, χ 00 = 1, indicating that the input state is faithfully teleported without a reduction in the state fidelity. The real parts of the process matrix χ for the two situations (without and with the SPP) are shown in Fig. 4a (without SPP) and Fig. 4b (with SPP), respectively. The quantum process fidelities, i.e. F proc = Tr(χ ideal χ), for our experiment without and with the SPP are 0.898±0.005 and 0.820±0.005, respectively.
These fidelities correspond to 80-σ and 64-σ violations over the classical bound of 0.5 31, 44 . A single-qubit quantum process, including quantum teleportation, can be represented graphically by a deformation of the Bloch sphere subjected to the quantum process 43 . As shown in Figs. 4(c) (without SPP) and 4(d) (with SPP), the ideal input states of Q0 are denoted as the states lying on the meshed surface of the Bloch sphere. After the photon-to-SPP quantum teleportation, the initial Bloch spheres are deformed into an anisotropic ellipsoids as shown in the solid blue-yellow colour, corresponding to the final output states.
Summary and Discussion
In conclusion, we demonstrate faithful teleportation of quantum states from one qubit of a single photon to another qubit of an SPP. The photon-to-SPP quantum teleportation is completely characterized by quantum state and process tomography. exceed the classical limit with tens of standard deviations. The process fidelities also exceed the classical limit with tens of standard deviations. These results conclusively confirm the quantum nature of teleportation from arbitrary unknown quantum states of a single photon to a single SPP.
Our work is a further step towards exploring the fascinating quantum behaviours of SPPs. The comprehensive utilization of the quantum properties of SPPs in more advanced protocols will promote the rapid development of future quantum information processing with quantum plasmonic devices. Acknowledgements. 
SUPPLEMENTARY INFORMATION: Quantum teleportation mediated by surface plasmon polariton
In this supplementary material, we provide the details of experimental characterization of the sample and our entangled two-photon source. Then the quantum properties of SPP are discussed.
We also give a description of the phase control of Bell state analyser and feed-forward transformations. Finally, we present all the density matrix for the 24 teleported states and analyse the reasons for fidelity reduction.
I. FDTD SIMULATION AND FABRICATION OF THE SAMPLE
The dispersion relation for the resonant excitation of surface plasmons in a 2D square lattice is
where k is the in-plane wave vector, k SPP is the excited surface plasmon wave vector, After theoretical calculations and simulations, we fabricate the sample based on the previous optimized parameters. We use quartz (SiO 2 ) as the substrate. Because of the poor adhesiveness of gold layer and SiO 2 substrate, a 3-nm-thick titanium bonding layer is deposited on the quartz. A 150-nm-thick gold layer is then deposited on the bonding layer using electron-beam evaporation.
By means of focused ion beam (FIB), the hole array with a period of 700 nm and hole diameter of 200 nm is milled on the gold layer. The SEM image of our fabricated sample is shown in Fig. 1b of main text. Due to the finite image resolution and limited field of view (FOV), we have to move the sample stage to obtain a larger area of hole arrays. Nine small FOVs are put together closely to make a 3×3 big array. Each FOV includes 90 periods and is therefore 63×63 µm 2 in area.
Consequently, the whole hole array has an area of approximately 189×189 µm 2 .
II. EXPERIMENTAL CHARACTERIZATION OF THE SAMPLE
The transmission spectra are measured to characterize the transmission properties of our sample.
The experimental setup for the transmission measurement is shown in Fig. S1a . We use a polarizer and a half-wave plate (HWP) after a halogen tungsten light source to get a linear polarized light.
The sample is focused by a 40× objective. The transmitted light is collected by another 40× objective and collimated into the multimode fibre connected to a spectrometer. For comparison, we also measure the unfocused transmission spectra using a 20× magnification objective (the results are shown in Fig. 1c of main text). We change the polarization of the incident light and find that the transmission spectra remain almost the same, which can be seen from Fig. S1b . This is consistent with our simulation results. It is worth mentioning that the ellipticity of holes remarkably influences the transmission spectra of different polarizations. We adjust the focus of FIB and wait for a few minutes to release the stress to improve the circularity of the holes during the fabrication. Figure S1c gives a comparison of the measurement and simulation results. From the figure we can see that the measured peak positions of the transmission spectra are close to those of simulations.
We also measure the SPP excitation mode at 25 different positions of the hole array and get an average figure with a charge-coupled device (CCD) (see Fig. 1d in the main text). As shown in Fig. 1d of the main text, the four lobes observed along the diagonal/anti-diagonal directions are in accord with the metal-substrate (±1, ±1) mode. From the excitation mode, we obtain the SPP propagation distance to be approximately 4.48±0.50 µm (1/e decay length along the diagonal direction, the error is obtained from the standard deviations of the 25 propagation distances). In addition, we also measure the coupling area in the SPP sample using a backward propagation light from the coupler. It turns out that an area with radius of 4.41±0.78 µm can be coupled into the single mode fibre (SMF). This demonstrates that the SPP genuinely participates in the teleportation process.
III. SOURCE OF ENTANGLED PHOTONS
We use a Sagnac interferometer S2,S3 to generate the entangled photons. 
IV. CERTIFICATION OF QUANTUM PROPERTIES OF SPP
In order to certify that the SPP can preserve the quantum correlation between the generated two photons, we perform the Bell-CHSH inequality tests S4,S5 . The violation of this inequality confirms the existence of entanglement between different particles in quantum systems. A hidden variable model requires that:
where θ 1 , θ 2 are angles of the measurement settings corresponding to photon A and B, respectively, and E(θ 1 , θ 2 ) is the correlation function with the settings (θ 1 , θ 2 ). The correlation function is defined as
Here, N mn (m, n = +, −) represents the number of detected coincident events with the outcome m for photon A and n for photon B. The measurement settings for the two photons are (|θ 1 , |θ 1 ) and (|θ 2 , |θ 2 ), respectively. In order to maximally violate the Bell-CHSH inequality, we set the angles of measurement settings to be θ 1 = 0 • , θ 1 = 45 • , θ 2 = 22.5 • and θ 2 = 67.5 • . The number of correlated events for each measurement base are listed in Table I . Our experiment gives a value of S = 2.551±0.001 without the SPP and S = 2.281±0.003 with the SPP, which are well above the classical bound 2. This indicates that the SPP can preserve the quantum correlation of the two photons. All the components behind the quarter-wave plate 2 (QWP2) can be regarded as a black box to carry out the complete BSM. To make it clear, we give a detailed description of the BSM process with matrix representation. 
) is generated after the photon A passes through the BD1, HWP@45 • and HWP@90 • . There are two wave plates, i.e. HWP2 and QWP2, in both paths to prepare the states to be teleported. The whole setup behind QWP2 is used to realize the complete BSM.
temporarily disregarding the accumulated phase from each element:
The four Bell states can be wrote respectively as the following column vectors:
When the BSM is finished, the photon A is projected to different Bell states and comes out from individual port. Each port has corresponding vector as follows:
CH1 :
It is not difficult to verify the correspondence of each port to each Bell state by means of matrix operations. In Table II , we give a detailed list for the mapping of these four ports. From above analysis, we can see that the four Bell states can be fully distinguished using our setup. Therefore, we can in principle perform deterministic teleportation. The challenge for our BSM setup is the phase control which includes accumulated relative phase between different paths and phase synchronization of different Bell states |Ψ ± and |Φ ± . In our experiment, we address the issues by tuning the pitch angle of H3@45 • or H4@45 • . Before the single photon experiment, classical light with different polarizations is used to calibrate the phase of the BSM interferometer. The interference visibility is optimized to be approximately 96% with a piezoelectric ceramics attached on the BD3 which is driven by an external triangle wave signal.
Furthermore, we make a series of phase synchronization test using different incident polarized light (D, A, R, L) with polarizer+HWP+QWP (not shown in Fig. S2 ) and prepared states (D, A, R, L)
with HWP2+QWP2 (see Fig. S2 ). The results of phase synchronization for seven representative settings (DD, DA, DL, DR, AA, RR, LL, where the first letter denotes the polarization state of incident light and the second letter stands for the prepared state) are given in Figs. S3 and S4.
We only need to test the phase synchronization between port CH1 (CH2) and port CH3 (CH4) on account of the instinctive phase identity of CH1 (CH3) and CH2 (CH4) because they go through the same phase difference caused by BD2 and BD3 and exit from the same PBS. The light from the four Bell ports are coupled into SMF and detected with photodetector. By changing the voltage applied on the ceramics, we can scan the phase and obtain the variation of intensity with respect to the phase. From Figs. S3 and S4 we can see that the maximum and minimum almost appear at the same phase location, which indicates that the phase can be synchronized for all the Bell ports using our optimization methods. Note that the intensities of the four Bell ports may have different maximum because of the varying power of incident polarized light and the different coupling efficiencies. Figures S3 and S4 show that the four Bell ports have some symmetric phase relations with respect to each other for different combinations of incident and prepared polarized states. After making the synchronization of four Bell ports, we rotate the azimuth of BD3 to move the phase to the location of maximal contrast (at ∼π in Figs. S3 and S4 ).
VI. FEED-FORWARD UNITARY TRANSFORMATIONS
By performing the BSM, four Bell states will be unambiguously discriminated. Then, we need the results of the BSM to be sent from Alice to Bob, who applies the corresponding unitary A from CH9 to Output3 is tuned to trigger the EOM z . The signal |Φ + 01 A coming out from Output1 is split into σ y1 and σ y2 and will trigger EOM x and EOM z simultaneously. Note that the FPGA2 is utilized to compensate the delay cost by the function generator (FG). Here, six power dividers are used to divide and combine the signal from different Bell states. The discriminator is used to provide the voltage of external triggering pulse acting on the EOMs. PA: polarization analyser; BSM: Bell-state measurement; FPGA:
Field Programmable Gate Array. delay between the detection signal of photon A for each Bell port and the trigger signal acting on photon B. Furthermore, the trigger signal from the Output1 set by CH7 is divided into two paths and used to trigger EOM x and EOM z simultaneously. For EOM x , we need a function generator (FG) to produce a >5 V external triggering voltage. Therefore, we add another FPGA2 in the σ y2 path to compensate the delay caused by FG. This can put the pulse of the two signals (Output1→ σ y1 → EOM x , Output1→ σ y2 → EOM z ) in the same time window. Through scanning the time of CH7, CH8 and CH9, the delay of trigger signal corresponding to three Bell states (|Ψ + 01 A , |Φ − 01 A and |Φ + 01 A ) can be determined, respectively.
In order to obtain a good contrast, we optimize the half-wave voltage of these two EOMs and set the pulse width of trigger signal to be 200 (100) ns for EOM x (EOM z ). The detailed specifications of these two EOMs are listed in Table III . The ideal density matrix |φ ideal ideal φ| is shown as the wire grid.
We prepare six input states |H , |V , |D , |A , |R and |L at the Alice's side. Figure S7 . Imaginary parts of the reconstructed density matrices for the six teleported states. Plots are similar to these described in the caption of Fig. S6 .
The teleportation fidelities of these states are calculated with the reconstructed density matrices via F = ideal φ|ρ |φ ideal , where |φ ideal is the ideal quantum state. The uncertainties in state fidelities are calculated using a Monte-Carlo method assuming Poissonian counting statistics. In Table IV and V, we give the obtained fidelity data for both without (Table IV) and with (Table V) the SPP. The experimental measured coincidence counts for the teleportation fidelities are shown in Table VI (without SPP) and VII (with SPP). The teleported state |φ is projected to detectors D5 and D6 for tomography (see Fig. 1e in main text). For the states |H , |D and |R , |φ is projected to detector D5 and the orthogonal state |φ ⊥ is projected to D6. For |V , |A and |L states, |φ is projected to D6 and the orthogonal state |φ ⊥ is projected to D5. The reduction in state fidelities with SPP compared to that of without (W.O.) SPP can be attributed to different parts of the experiment. The effect of the imperfect optical elements and multiphoton noise can be treated as the white noise and the generated two-photon states are approximated as the Werner states S9 , where |Ψ − AB = 1 √ 2 (|HV − |V H ). After the source, photon A enters the BSM and photon B passes through SPP, two EOMs and other optical elements (lens, wave plates, mirror, etc.). We denote the operations as M = BSM A ⊗(OE·EOMz·EOMx·SPP) B (OE stands for other optical elements). Finally, the state becomes ρ 2 = F tot M ρ 1 M † + 1−Ftot 4 I. The BSM, SPP and two EOMs are responsible for the observed reduction in the measured fidelity and we label their fidelities as F BSM , F SP P , F EOM x and F EOM z . The fidelity reduction caused by remaining optical elements is denoted by F OE . Therefore, the state fidelity including all these components can be expressed as:
The non-ideal optical elements (such as PBS, wave plates, mirror and so on) and multiphoton emission reduce the quality of the two-photon entanglement and lead to the 98.34% fidelity of the source. The imperfect settings of HWP and BD limit the visibility of quantum interference of Bell-state analyser and lead to the 97.87% fidelity of BSM. To characterize the influences of feedforward operations on the fidelity, we directly prepare the six states in the SPP setup and measure the state fidelity for individual EOM when moving in and moving out the SPP. The above quantitative analysis indicates that the excitation of the SPP mode can lead to the deterioration of the beam pattern, which decreases the modulation contrast of the two EOMs and finally results in the reduction of the state fidelity.
